We present the experimental realization of a long-lived superfluid flow of a quantum gas rotating in an anharmonic potential, sustained by its own angular momentum. The gas is set into motion by rotating an elliptical deformation of the trap. An evaporation selective in angular momentum yields an acceleration of rotation until the density vanishes at the trap center, resulting in a dynamical ring with 350 angular momentum per particle. The density profile of the ring corresponds to the one of a quasi two-dimensional superfluid, with a linear velocity reaching Mach 18 and a rotation lasting more than a minute.
We present the experimental realization of a long-lived superfluid flow of a quantum gas rotating in an anharmonic potential, sustained by its own angular momentum. The gas is set into motion by rotating an elliptical deformation of the trap. An evaporation selective in angular momentum yields an acceleration of rotation until the density vanishes at the trap center, resulting in a dynamical ring with 350 angular momentum per particle. The density profile of the ring corresponds to the one of a quasi two-dimensional superfluid, with a linear velocity reaching Mach 18 and a rotation lasting more than a minute.
Superfluidity is a rich quantum dynamical phenomenon first observed in low temperature helium that also occurs for interacting degenerate gases [1] . Among its most striking manifestations are the existence of a critical velocity for the creation of excitations [2] and the appearance of quantized vortices when set into rotation, as has been observed in liquid helium [3] and in dilute Bose-Einstein condensates (BEC) [4, 5] .
Because of a formal analogy between the two Hamiltonians, a neutral gas in rotation is a natural candidate to simulate a quantum system of charged particles in a magnetic field, relevant for condensed matter problems such as type II superconductors or the quantum Hall effect [6, 7] . For a quantum gas confined in a harmonic trap of radial frequency ω r and rotating at angular frequency Ω approaching ω r , the ground state of the system reaches the atomic analog of the Lowest Landau Level (LLL) relevant in the quantum Hall regime [8] [9] [10] . The LLL has been reached for a dilute BEC [11] rotating at Ω = 0.993 ω r where dynamical properties of the system are modified compared with the mean-field regime.
For rotation rates even closer to ω r , the formation of highly correlated states is predicted, similar to the ones involved in the fractional quantum Hall regime, such as Laughlin states [12] or Moore-Read states [13] . Reaching these fast rotation rates is experimentally challenging in a harmonic trap because the radial effective trapping potential in the rotating frame vanishes due to the centrifugal force. To circumvent this limit, higher-order confining potentials have been developed [14] , which allow to access the regime where Ω even exceeds ω r . Although the experimental study of highly correlated states seems very challenging [15] [16] [17] , fast rotation in a two-dimensional harmonic-plus-quartic trap opens new physical regimes and has attracted a lot of attention [14, [18] [19] [20] [21] .
In this situation, a zero-density area -a hole-grows at the trap center above a critical rotation frequency Ω h [22] , leading to an annular two-dimensional density profile. Moreover, the velocity of the atomic flow is expected to be supersonic [18] i.e. exceeding by far the speed of sound. For increasing Ω, one expects the annular gas to sustain vortices in its bulk up to a point where the annulus width is too small to host them. The gas then enters the so-called "giant vortex" regime [18, 20] : The vortex cores all migrate close to the depleted central region [18] and for even higher rotation rates the ground state of the system becomes highly correlated [23] .
Pioneering experiments have observed the onset of formation of this ring-shaped flow in a three-dimensional condensate but either the density was nonzero in the center [14] , or the ring was not in a quasi-equilibrium configuration [24] . In this Letter, we present what is to our knowledge the first experimental realization of such a superfluid annular flow stabilized by its own angular momentum, as shown in Fig. 1 . As the ring shape is directly linked to the atomic motion, we call it "dynamical ring" in the following. We demonstrate that it is a very longlived quasi two-dimensional (2D) stable structure that persists over more than a minute. The ring atomic density distribution agrees with a zero-temperature superfluid model. We measure rotation frequencies reaching 1.06ω r corresponding to a linear supersonic velocity of Mach 18 with respect to the peak speed of sound. We perform the spectroscopy of elementary excitations of the ring and show the existence of quadrupole-like modes pre- Figure 2 . Sketch of the experimental procedure (see text for detail on the stirring, evaporation and optional spectroscopy stages) and in situ images of the atomic distribution. The leftmost image shows a cloud at rest before the stirring procedure: only ∼ 10% of the atoms are imaged. As the cloud is set into rotation the peak density decreases and we use two different color scales for pictures taken before and after t = 25 s, for which the darkest pixels correspond to densities of 50 µm −2 and 20 µm −2 , respectively. The three last images correspond to rotations at Mach 11.7, 15.6 and 18.4 respectively.
dicted by the diffuse vorticity approach [22] .
Exploring the very fast rotation regime up to the formation of a dynamical ring requires a very smooth potential, rotationally invariant around an axis z and anharmonic along the radial coordinate r = x 2 + y 2 . In previous works we have used radio-frequency (rf) dressed adiabatic potentials [25] to create trapping potentials V (r, z) in the shape of an ellipsoidal surface [26] , rotationally invariant around the vertical axis z. In the presence of gravity, atoms gather at the bottom of this shell. The resulting trap is extremely smooth because of the macroscopic size of the coils creating the potential with respect to the size of the atomic cloud. We have used previously this smoothness and the natural thinness of the shell to bring a condensate in the quasi-2D regime [26] and observe collective excitations [27, 28] .
Here, we take advantage of the smoothness and the weak anharmonicity of this trap to prepare a dynamical ring. Rotational invariance is critical to this aim, and is ensured at the 10 −3 level by a fine tuning of the dressing field polarization and of the static magnetic field gradients [29] . The trapping frequencies at the bottom of the shell in the harmonic approximation are ω z = 2π × 356.5(2) Hz in the vertical direction and ω r = 2π × 33.70(4) Hz in the horizontal plane, without measurable in-plane anisotropy. This trap is loaded with a pure BEC of 2.5 × 10 5 87 Rb atoms with no discernible thermal fraction. This atomic cloud has a chemical potential of µ/ = 2π × 1.8 kHz much greater than ω r and ω z , well in the three-dimensional Thomas-Fermi (TF) regime. In addition to the dressing field at frequency ω rf = 2π × 300 kHz and Rabi-coupling Ω rf = 2π × 48 kHz, a radio-frequency knife with frequency ω kn is used to set the trap depth to approximately ω kn −Ω rf by outcoupling the most energetic atoms in the direction transverse to the ellipsoid [30, 31] .
From this point on, the experiment proceeds as follows: angular momentum is injected into the cloud by rotating the trap. Rotation is further increased by an angular momentum selective evaporation process, resulting in a dynamical ring sustained by its own rotation. The initial rotation of the cloud is induced by a controlled elliptical deformation of the trap rotating in the horizontal plane at an angular frequency Ω rot . During this stage the potential in the harmonic approximation reads:
where x = x cos (Ω rot t) + y sin (Ω rot t) and y = −x sin (Ω rot t) + y cos (Ω rot t) are the coordinates in the rotating frame and M is the atomic mass. Such deformation of the trap couples to the BEC quadrupole mode and allows to inject angular momentum into the system. For a weak ellipticity ε one expects sharp resonances for vortex nucleation at Ω rot = ±ω r / √ 2 [32] . As the ellipticity increases, this resonance is broadened. In this work we consider the extreme case of a large ellipticity ε = 0.18, such that the resonance broadening induces a nonzero coupling for Ω rot > √ 1 − ε ω r and therefore rotation is induced by destabilizing the cloud in the weakly trapped direction [32, 33] . Of course the shell trap is not purely harmonic and at this point higher order terms in the confinement potential play a role, such that the atoms stay trapped during the excitation phase [34] .
The experimental procedure is depicted in Fig. 2 . We dynamically change the trap geometry by a timedependent control of the dressing field polarization. Over a time t ramp = 400 µs we linearly increase ε up to its maximal value 0.18, then rotate the trap axis at angular frequency Ω rot = 2π × 31 Hz for t rot = 177 ms and finally restore the isotropic trap over t ramp . During this whole process ω r and ω z are kept constant. After this procedure we let the cloud evolve in the rotationally invariant trap and take an absorption image of the in situ atomic distribution, as reported in Fig. 2 . During the stirring phase the density profile is strongly deformed, as is clear on the second image. Once the isotropy of the trap is restored, which we take as t = 0, the cloud shape goes back to circular with an increased radius due to its higher angular momentum. Indeed, in the frame corotating with the atoms at Ω, the effective potential modified by the centrifugal force reads V eff (r, z) = V (r, z) − M Ω 2 r 2 /2, leading to a reduced effective radial trapping frequency [34] . Due to this size increase, the chemical potential is reduced and the gas enters the quasi-2D regime µ ≤ ω z . After a few seconds a density depletion is established at the center of the cloud which is a signature of Ω now exceeding ω r . Between t = 20 s and t = 24 s, we ramp down linearly ω kn by 2π × 7 kHz. After this ramp, a macroscopic hole appears in the profile, indicating that Ω is now above Ω h and that a fast rotating dynamical ring with a typical radius of ∼ 30 µm has formed.
To characterize this dynamical ring we measure the effective rotation of the atomic cloud by evaluating the radius at which the peak density occurs and comparing to a model of the full shell trap potential. The annular density profile presents a small anisotropy, as discussed later in this paper. For this reason, we fit the peak density along the ring by an ellipse and extract the short and long radii (r short and r long respectively) as well as the orientation. To evaluate the accuracy of this measurement we compare it to a more direct measurement of the rotation frequency obtained by monitoring the timeof-flight expansion of the dynamical ring, during which the density undergoes a self-similar expansion [35] . Both methods give similar results, with the same accuracy [34] . The observed anisotropy of the dynamical ring results in a systematic relative uncertainty at the level of ∼ 1% in the measurement of Ω.
Figure 3(a) shows the time evolution of the measured rotation frequency during the experimental sequence. After the initial stirring phase, the cloud rotation accelerates and reaches a steady state value Ω 1.02ω r around t = 12 s in the presence of a rf-knife at ω kn = 2π ×65 kHz. Applying the forced evaporation phase leads to a significant increase of the measured rotation frequency, as visible in Figure 3 (a) after t = 20 s. We attribute this to a selective evaporation process of the lower angular momentum states. Indeed, the rf Rabi coupling Ω rf depends on the position in the shell and is larger for smaller radii [26] , resulting in a smaller trap depth ω kn − Ω rf close to the z-axis. As low-momentum states have a higher density probability near z = 0, they are outcoupled more efficiently by the rf-knife [24] . We point out that the 2D collision rate Γ coll [36] always below ω r but large enough to ensure an efficient evaporation.
To confirm the superfluid character of the system the most direct way would be to image the ring after a timeof-flight expansion and look for vortices expected to be present in the bulk of the annulus. This would require a time-of-flight duration long enough for the vortex size to overcome the optical resolution. However, for such a duration the atomic density drops dramatically due to the fast radial expansion and falls below our detection threshold. Instead, we study the in situ density profile of the dynamical ring and compare it to two different models of a quasi-2D gas: (i) a semi-classical self-consistent Hartree-Fock model [37, 38] to approximate the density profile in V eff (r, z) close to the critical temperature and (ii) a zero temperature TF model. We point out that it is crucial to convolve the model profiles with a Gaussian of σ 4 µm to account for the imaging resolution and quantitatively reproduce the data [34] . Figure 3(b) shows the result of this comparison for a dynamical ring at t = 35 s where the two models are adjusted to the experimental profile by fitting the effective rotation rate Ω and -for model (i)-the temperature or -for model (ii)-the chemical potential. There are no other free parameter, in particular the trap geometry is fixed by an independent measurement. We find that, for all the pictures which present a density depletion at the center of the cloud (i.e. for t ≥ 7 s), the convoluted TF profile is better at reproducing the experimental density profile than the semi-classical profile. In particular model (i) does not capture the full density depletion at the center at t ≥ 25 s and does not reproduce the measured peak density. On the contrary these two features are correctly captured by the TF model. We therefore conclude that our samples are well below the degeneracy temperature. This analysis shows that the finite imaging resolution leads to a small systematic underestimation of the rotation frequency by ∼ 1% when it is measured using the ellipsoid radii.
Using the Thomas-Fermi model we estimate the properties of the cloud. For example the TF profile shown on Fig. 3(b) has a chemical potential of µ/ 2π × 84 Hz and an averaged angular momentum per particle L z /N × 317. Interestingly the estimated peak speed of sound c = µ/M 0.62 mm/s at the peak radius r peak is much smaller than the local fluid velocity v = Ωr peak 6.9 mm/s: the superfluid is therefore rotating at a supersonic velocity corresponding to a Mach number of 11 [39] . Moreover, due to the continuous acceleration of the rotation, the dynamical ring radius grows gradually with time which results in a decrease of the chemical potential and an increase of the Mach number. For t > 45 s the chemical potential is below 2 ω r and the highest measured Mach number is above 18.
One can observe in the density profiles of Fig. 2 that the ring is not circular at all times. This anisotropy develops after the forced evaporation stage and rotates once established, in a way reminiscent of a quadrupole surface mode for a connected hydrodynamic gas [40] . For a connected cloud rotating at Ω < Ω h , the energies of the m = ±2 quadrupole modes are non degenerate and their difference allows to measure Ω [41, 42] . Such quadrupole modes have also been predicted for a dynamical ring formed in a harmonic-plus-quartic trap [22] but have not been observed up to now. We have investigated these modes in our system by using a surface mode spectroscopy scheme [43] . We selectively excite a quadrupole mode by rotating a small trap anisotropy ε = 0.01 for a duration τ = 1 s once the ring is formed. For each excitation frequency Ω exc , the cloud is imaged in situ just after excitation and the cloud anisotropy ζ = r long /r short is plotted as a function of Ω exc . Figure 4 shows the result of this quadrupole mode spectroscopy, focusing on the m = −2 mode, for increasing rotation frequencies. By convention we set that Ω exc is negative when the excitation anisotropy is rotated against the direction of the flow. We find that the m = −2 quadrupole mode resonance occurs at negative values of Ω exc for Ω < Ω h , as expected. However when the rotation frequency increases and Ω > Ω h this resonance shifts towards positive frequencies, meaning that this mode is now co-rotating with the flow. This is not expected within the diffuse vorticity approach [22] which in our case always predicts a negative value for the m = −2 resonant quadrupole frequency. This provides an explanation to the observed ellipticity of fast rotating dynamical rings: during the forced evaporation phase where the flow accelerates, the mode frequency vanishes and at this point any residual static anisotropy of the trap excites resonantly this mode. We observe that this ring anisotropy is co-rotating with the atomic flow at a very low angular velocity and remains observable for 10 s.
In conclusion, we have demonstrated the experimental realization of a superfluid dynamical ring. Owing to the smoothness of the rf-dressed adiabatic trap, the rotation is preserved over a minute, even if the atomic velocity is more than ten times the superfluid speed of sound. One could wonder how a localized defect would dissipate a superfluid flow at such a supersonic speed. This would complete to even higher speeds the theoretical and recent experimental works [44] [45] [46] [47] [48] that have shown that obstacles moving at velocities far exceeding the Landau critical velocity do not necessarily create a significant amount of excitations.
Finally, we have revealed the existence of weakly damped collective quadrupole modes of the dynamical ring. At very fast rotation, the observed frequency of the low frequency mode does not agree with hydrodynamic, diffuse vorticity calculations [22] . This suggest the need of more refined theoretical models beyond the diffuse vorticity approximation and stimulates further experimental investigation of the excitation spectrum. The creation of this rotating state offers fascinating perspectives for the study of supercritical flows [18, 46, 47] .
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ADIABATIC POTENTIAL IN THE ROTATING FRAME
Shell trap Rubidium 87 atoms are confined in their ground state F = 1 of Landé g-factor g F in the shelllike adiabatic potential fully discussed in Ref. [26] . The atoms are placed in a quadrupole magnetic field of symmetry axis z and in-plane gradient α/|g F | and dressed by a radio-frequency (rf) field of maximum coupling Ω rf at the bottom of the shell. In a frame rotating at frequency Ω, the effective dressed trap potential taking into account the centrifugal potential reads:
where Ω c (r, z) =
Rabi coupling, = √ r 2 + 4z 2 , and (r, z) are the cylindrical coordinates.
is the reduced Planck constant, g = 9.81 m/s 2 is the normal gravitational acceleration and M is the atomic mass. The energy difference between dressed states is Ω c (r, z) and decreases with r.
The equilibrium properties in the absence of rotation (Ω = 0) are well known [26] : the minimum of the trapping potential is located at r = 0 and z = z 0 with
where = M g/(2 α) is a small parameter accounting for the gravitational sag. Around this equilibrium position the potential is locally harmonic with frequencies:
This harmonic approximation is valid for |z − z 0 |, r ω/α. Up to fourth order, the radial confinement reads For Ω < ω r the equilibrium position remains on the axis r = 0 at z = z 0 , and the only difference is a renormalization of the radial trapping frequency: ω eff r = ω 2 r − Ω 2 . Of course, as the frequency decreases, the trap anharmonicity becomes more important in the determination of the cloud shape.
For Ω > ω r the trap minimum is located at a non zero radius, just below the surface S min defined by = ω/α (corresponding to the resonant radio-frequency), due to the combined gravitational and rotational sags. There is no simple analytic expression available in this case.
In the experiment we observe that for Ω ∼ ω r the cloud extends beyond the region where the harmonic approximation is valid. It is therefore necessary to study how the trap properties evolve with the rotation frequency. We perform a numerical computation with our experimental parameters: ω = 2π × 300 kHz, Ω rf = 2π × 48.17 kHz, α = 2π × 3.93 kHz/µm and M = 1.44 × 10 −25 kg. Effective coordinates The trap minimum is displaced for Ω > ω r but remains very close to the "minimal force surface" S min , as seen in Fig. 5 , for a given vertical plane. This surface is defined by finding for each angle θ the distance ρ 0 (θ) at which the norm of the force derived from V eff (r, z) is minimal, along the ray defined by the angle θ. For each angle θ one can introduce the angle φ(θ) between the tangent plane to S min and the horizontal plane and define the local curvature of the potential in the direction perpendicular to S min associated to an effective transverse confinement ω v (θ). Inside S min one can define an effective two-dimensional, rotationally invariant, trapping potential V surf (θ) = V (ρ 0 (θ) sin θ, −ρ 0 (θ) cos θ). The inset in Fig 5 show that the effective rotating trap potential is well approximated by: Equation (3) describes the phase space density accurately below the critical point for the BerezinskiiKosterlitz-Thouless (BKT) transition [50] :
and above one can use an approximate Thomas-Fermi model:
T .
In our case g 2 weakly depends on u because ω v itself depends on u, see Fig. 5 . For the sake of simplicity we will assume that it is constant and equal to the non rotating value.
We can now compute the critical atom number for the BKT superfluid transition as a function of the temperature, for example in a frame rotating at Ω/(2π) = 35.5 Hz 1.05ω r , as well as density profiles at the transition, as shown in Fig. 6 . We can infer from such profiles, in particular by looking at the residual density at the center u = 0, that in the experiment the atomic cloud must be highly degenerate. For example in Fig. 3(b) of the main paper, the central density is well below 1 µm
while the peak density is of the order of 15 µm −2 .
MEASUREMENT OF Ω
We have several means to evaluate the effective angular velocity of the atomic flow. The more direct is to perform a time-of-flight experiment, see Fig. 7 : we abruptly turn off the confinement potential and let the atoms expand freely for a time t tof . The cloud undergoes a fast radial expansion from which Ω can be inferred using a ballistic model. The vertical expansion is very fast such that we do not expect a significant contribution of the interactions to the time-of-flight expansion.
We also extract Ω directly from the in situ density profiles. To this aim, we first fit the annular density profile with an ellipse, and from its parameters deduce the position of the trap center, the mean radius, the anisotropy of the dynamical ring and its orientation with respect to the camera axes. We then use our knowledge of the adiabatic potential in the rotating frame to derive the effective rotation frequency from the mean radius, assuming that the maximum atomic density occurs at the effective trap minimum, using the relation sketched in Fig. 8 . The values obtained by the two methods are in excellent agreement. Finally, we also compare directly the experimental density profiles to the quasi-2D model discussed above. This comparison requires to steps: we first perform an azimuthal integration of the density profiles to obtain the mean radial profile of the dynamical ring and we then fit the models to this profile, including a convolution with a Gaussian point spread function of σ = 4 µm to take into account the image resolution. Before computing the azimuthal integration we correct the small apparent ellipticity of the dynamical rings by appropriately rescaling the picture at fixed average radius. As discussed in the paper this analysis shows that the blurring of the density profiles due to the optical resolution induces a systematic underestimation of the rotation frequency by about 1%.
